We address the question whether low-scale gravity alone can generate the neutrino mass matrix needed to accommodate the observed phenomenology. We assume that the neutrino mass matrix in the flavor basis is characterized by one dimensional parameter (the gravity scale M X ) and an exact or weakly broken flavor blindness (namely, all elements of the mass matrix are of comparable size). Neutrino masses and mixing are consistent with the observational data for certain values of the matrix elements, but only when the spectrum of mass is inverted or degenerate. In these cases, the parameter M ee probed in double beta decay experiments is within reach of the next generation of experiments. We comment finally on the naturalness of such a scenario.
Introduction
The magnitude of the neutrino masses and mixings are governed by the texture of the neutrino mass matrix in the flavor basis, denoted by M. This is related to the diagonal mass matrix via the relation, M = U * diag(M) U † , where U is the usual neutrino mixing matrix specified by three angles, θ 12 = ω, θ 23 = ψ, θ 13 = φ and one CP violating phase δ. The two Majorana phases ρ and σ can be incorporated in the diagonal masses.
1 Neutrino oscillation data provide us with information on the mixing angles, but constrain only on the mass squared differences defined by, ∆M [1, 2, 3] and not on the absolute neutrino masses, though there are upper bounds coming from laboratory experiments [4, 5] and from cosmology [6] . It should be borne in mind that the limits coming from cosmology are crucially dependent on various assumptions [7] . In addition, there is no constraint at present on δ and on the Majorana phases. This has the consequence that M is not uniquely determined and there are various textures consistent with present data. Attempts to reconstruct the mass matrix using available data from neutrino experiments are presented in [8, 9] . However, any phenomenological approach has to face the limitations outlined above. The theoretical counterpart of this situation is that it is possible to postulate several textures of mass matrices which are consistent with present data. There are a large number of studies where this approach has been developed, for example see [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24] .
A striking feature of most of the textures listed in the above references is that there are always some entries which are very small or zero in the mass matrix, while some elements are O(1). This could be due to some underlying symmetries or selection rules, see e.g., [25] . In this assumption, the texture is far from what can be called as a "democratic" structure. However, imposing discrete symmetries on the mass matrix can lead to a democratic structure for the mass matrix [26, 27, 28, 29, 30, 31] . The idea of "anarchy" in the structure of the mass matrix has also been investigated [32, 33] . A nice summary of the above issues has been recently given in [34] .
In this letter we address the question, whether low scale gravity models can generate a mass matrix consistent with data and with all entries O(1). Let us describe in more detail the theoretical scenario: We consider gravity induced dimension-5 operators suppressed by a low scale of gravity,
19 GeV, as it occurs in theories with extra dimensions. After spontaneous electroweak symmetry breaking these operators give the neutrino mass terms. We assume that these operators have either exact or weakly broken flavor blindness, i.e., they differ from each other by coefficients O(1), weakly dependent on flavor. The exact values of these coefficients can be known only in the framework of a explicit theory of quantum gravity. Such gravity-induced neutrino masses have been considered in [35, 36, 37, 38] ; however, the scale of gravity was taken to be the usual Planck scale M P l which cannot explain the observed phenomenology of neutrino oscillations.
Neutrino mass textures induced by gravity
The relevant gravitational dimension-5 operator for the spinor SU(2) L isodoublets, 2 ψ α = (ν α , ℓ α ) and the scalar one, ϕ = (ϕ + , ϕ 0 ), can be written with the operators introduced by Weinberg [39] as:
where M X is the gravity scale, which in the case of extra dimensional theories can be less than M Pl and λ αβ are numbers O(1). In eq. 
Exact flavor blindness
Let us consider first the case of unbroken flavor blindness and show that it cannot describe all observational data.
The mass matrix in the flavor basis is given by:
were we have defined µ = v 2 /M X . Since the eigenvalues of the matrix are 3, 0, 0 in units of µ, it is obvious that there is only one scale for oscillations. Let us first demand that this is the solar neutrino scale. Equating the scale obtained from eq. (2) to the present best fit value of 7 × 10 −5 eV 2 obtained from analyses of neutrino data [1] gives us:
The texture specified in eq. (2) gives the following form for the neutrino mixing matrix:
With this texture we have only one non-zero mass difference
2 , which can be identified with ∆M 2 sol . It is straightforward to calculate the survival probability P ee and θ sol as sin 2 2θ sol = 8/9, or θ sol ≈ 35
• in good agreement with data [2, 3] . The value U e3 = 1/ √ 3 is compatible with CHOOZ constraints [40] since in this case ∆M 2 sol L/E ≪ 1. Alternatively, requiring the oscillation scale to be the atmospheric neutrino scale of 2 − 3 × 10 −3 eV 2 , we get:
But here the CHOOZ constraint [40] becomes operative and since the texture in eq. (2) predicts U e3 = 1/ √ 3, it is observationally excluded. So there is no space to explain the atmospheric neutrino problem.
Hence we see that an exact flavor blind texture, generated at a typical grand unification theory (GUT) scale can explain at best the solar neutrino problem in terms of oscillations. An additional mechanism is needed to provide the atmospheric neutrino mass squared difference (even though it is not clear whether such a mechanism can be implemented without destabilizing the value of the solar mixing angle that we found).
Weakly broken flavor blindness
Non-perturbative gravitational dynamics could lead to an approximate flavor blindness [41] . We actually believe that such a possibility (a weakly broken flavor blindness rather an exact one) is realistic and that it should be included in the analysis. Thus, we will consider in the rest of this work the hypothesis that λ αβ in Eq. (1) is O(1) but, to some extent, flavor dependent.
We will follow a straightforward procedure to compare this assumption with the data. First we construct the diagonal mass matrix allowed by the data, using the known values of ∆M 2 's and the bounds on the absolute mass scale. Then we transform the mass matrix to the flavor basis, using the neutrino mixing matrix that satisfies the observational constraints. Finally, we select the cases when all elements of the obtained mass matrix are O(1).
General form of the mass matrix Let us consider first the general form of neutrino mixing matrix. In the approximation θ 13 = 0 it has a form
where s ω = sin ω and c ω = cos ω with ω being the solar neutrino mixing angle. The atmospheric neutrino mixing angle ψ = θ 23 is taken to be 45
• . The mass matrix in the diagonal form is taken to be:
where z 1 = M 1 e 2iρ and z 2 = M 2 e 2iσ are complex numbers, z 3 = M 3 is real and ρ and σ denote the Majorana phases. We now transform diag(M) to the flavor basis using the matrix given in eq.(6) and obtain:
We consider the texture specified in eq. (8) for the three possible types of the neutrino mass spectrum: hierarchical, inverted hierarchical and degenerate.
Hierarchical mass spectrum Let us begin with the case of the hierarchical mass spectrum. If . In this case we get,
where µ = ∆M (1) texture; e.g., this does not happen if ρ = σ since in this case some elements of the mass matrix vanish. However, for certain values of the phases, e.g., ρ = 0
• and σ = 90
• , eq. (9) becomes:
The texture defined by eq.(10) does have an O(1) structure for the large value of ω = 34
• suggested by the data. We also have to satisfy the relation µ 2 = 2 − 3 × 10 −3 eV 2 which results in:
For the inverted hierarchy the mass probed in neutrinoless double beta decay is related to the atmospheric neutrino mass splitting, that is, M ee ∼ ∆M (10) is the one when the two Majorana phases give origin to destructive interference and M ee ≈ 10 − 20 meV, but larger values can be found by varying these phases (compare with the general discussion in [1] ). Thus, a large value of M ee = 15−50 meV characterizes the scenario where the spectrum of mass has an inverted hierarchy and a non-GUT matrix is responsible for the observed neutrino phenomena.
Degenerate mass spectrum For the degenerate spectrum specified by M 1 ≈ M 2 ≈ M 3 ≡ µ (with the common value of the masses µ being much more than the splittings between the levels) an analysis similar to the previous one applies. Again, an O(1) texture appears for certain choices of the Majorana phases. In this case, for a common neutrino mass of about an electronvolt we get:
For the same choices of Majorana phases of eq.(10) the mass probed in neutrinoless double beta decay is: M ee ≈ µ cos2ω, where µ is bounded above by the kinematic limit coming from tritium experiments. As in the previous case, this is the minimum value of M ee : other choices of Majorana phases will always lead to a higher value. Of course, from the viewpoint of double beta decay experiments this is the most appealing feature of this scenario.
Renormalization group effects
As we have seen in the previous section, the scales where we want gravity to generate the mass matrix are typical GUT scales or a little lower. Hence one has to consider the effect of renormalization group (RG) evolution from this scale to the electroweak scale on the mass matrix. In both the standard model and its minimal supersymmetric extension, the RG effects are negligible as far as the structure of the mass matrix is concerned. However oscillation observables can be significantly altered, especially for the degenerate mass spectrum. For the parameter space of interest at present to oscillation phenomenology, modulo fine tuning, the effects of RG are not very large 3 [38, 42, 43, 44] except for very large values of the common neutrino mass (that as recalled above are not favored by the data) and of the parameter tanβ (but only for supersymmetric models).
Summary
We have considered dimension-5 gravity induced operators, suppressed by a low scale of gravity M X < M Pl , as the source of the neutrino mass matrix. After spontaneous electroweak symmetry breaking with ϕ 0 = v, the operator in Eq.(1) produces the neutrino mass matrix in flavor basis M αβ = λ αβ v 2 /M X . We assumed a weakly broken flavor blindness when all λ αβ ∼ O(1). We have demonstrated that for the degenerate and the inverse hierarchical neutrino mass spectrum there are sets of O(1) coefficients when the neutrino masses and mixings satisfy all the observational data. The mass scale for this case is M X ∼ 10 13 − 10 15 GeV, i.e., close to the GUT scale. The discussed mechanism is not valid for the hierarchical neutrino mass spectrum.
The approach of this work is mostly phenomenological. The values of λ αβ ∼ O(1) are taken ad hoc to fit the observational data and this procedure reflects our ignorance of quantum gravity which is responsible for these dimension-5 operators. The exact values of λ αβ is a prerogative of the detailed theory of quantum gravity.
The gravity-induced textures have interesting implications for the mass M ee probed in neutrinoless double beta decay: for degenerate spectra, M ee can saturate the bound from cosmology of 0.23 eV or possibly approach the bound of ∼ 1 eV coming from the studies of tritium endpoint spectra.
In the extreme case of unbroken flavor blindness, λ αβ = 1, the gravity-induced neutrino mass matrix can explain at best the solar-neutrino data and an additional mechanism is needed to provide the atmospheric neutrino mass squared difference.
